Fungi in the genus Malassezia are ubiquitous skin residents of humans and other warm-blooded animals. Malassezia are involved in disorders including dandruff and seborrheic dermatitis, which together affect >50% of humans. Despite the importance of Malassezia in common skin diseases, remarkably little is known at the molecular level. We describe the genome, secretory proteome, and expression of selected genes of Malassezia globosa. Further, we report a comparative survey of the genome and secretory proteome of Malassezia restricta, a close relative implicated in similar skin disorders. Adaptation to the skin environment and associated pathogenicity may be due to unique metabolic limitations and capabilities. For example, the lipid dependence of M. globosa can be explained by the apparent absence of a fatty acid synthase gene. The inability to synthesize fatty acids may be complemented by the presence of multiple secreted lipases to aid in harvesting host lipids. In addition, an abundance of genes encoding secreted hydrolases (e.g., lipases, phospholipases, aspartyl proteases, and acid sphingomyelinases) was found in the M. globosa genome. In contrast, the phylogenetically closely related plant pathogen Ustilago maydis encodes a different arsenal of extracellular hydrolases with more copies of glycosyl hydrolase genes. M. globosa shares a similar arsenal of extracellular hydrolases with the phylogenetically distant human pathogen, Candida albicans, which occupies a similar niche, indicating the importance of host-specific adaptation. The M. globosa genome sequence also revealed the presence of mating-type genes, providing an indication that Malassezia may be capable of sex.
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fungal genomics ͉ fungal proteomics ͉ seborrheic dermatitis ͉ skin ͉ fungal mating F or Ͼ100 years, Malassezia have been associated with dandruff (1), an easily recognizable skin flaking condition occurring in 30-95% of humans (2) . The presence of Malassezia is not sufficient to cause either dandruff or the more extreme skin condition, seborrheic dermatitis; in fact, many people harbor Malassezia without showing symptoms. However, Malassezia must have an essential role in these conditions, because scalpflaking symptoms are improved by treatment with a variety of antifungal materials that remove Malassezia (1, (3) (4) (5) . These fungi also cause systemic infections in neonates (6) (7) (8) and the skin disease pityriasis versicolor (1, 3, 5) , as well as many common veterinary disorders, such as canine dermatitis and otitis externa (9) . Malassezia are also thought to contribute to the common skin disease atopic eczema by host sensitization to fungal protein allergens (10) .
Despite their widespread occurrence and association with multiple common skin disorders, remarkably little is known about these fungi other than their unusual dependence on external lipids for in vitro growth (1) . To understand the role of Malassezia in dandruff, we have focused on Malassezia globosa and Malassezia restricta, because they are the most commonly isolated species from human scalp (3, 11) and are associated with prevalent skin disorders, including dandruff (4).
We describe the genome sequence, secretory proteome, and in vivo expression of selected genes of M. globosa and a partial genome sequence and secretory proteome of M. restricta. This report highlights a conflict between phylogeny and host-specific adaptation, because genome-and proteome-based evidence indicates that the basidiomycete Malassezia species share similar sets of extracellular hydrolases with the phylogenetically distant Candida albicans that occupies an overlapping skin-related niche. In contrast, Malassezia is closely related to the plant pathogen Ustilago maydis, but these fungi are easily distinguished by differences in their sets of extracellular hydrolases and their host preferences.
Results and Discussion
Whole-genome shotgun sequencing (7ϫ coverage) was performed on M. globosa type strain CBS 7966 [supporting information (SI) Table 2 ]. The assembled genome size of 9 Mb closely matches the value reported by Boekhout et al. (12) . The genome size is among the smallest of the sequenced genomes of free- living fungi (SI Table 3 ), similar in size to the Eremothecium (Ashbya) gossypii genome (13, 14) . M. globosa CBS 7966 appears to be haploid, because the genome shows essentially no polymorphisms (Ͻ0.0004%) within regions of high-quality sequence. Gene models for M. globosa were constructed by using in silico predictions and sequence data from an EST library constructed from cultured M. globosa cells. We predicted 4,285 proteincoding genes, again among the lowest value previously reported for any genome of a free-living fungus (SI Table 4 ). Introns were found in only 27% of the genes (SI Table 2 ), a value similar to that seen in U. maydis and lower than that observed for other basidiomycete fungi (15) .
Whole-genome shotgun sequencing (1ϫ coverage) was also carried out on M. restricta type strain CBS 7877 (SI Table 2 ). Although this was insufficient coverage to assemble large sections of the M. restricta genome, this sequence did allow a comparison of gene content. There were many similarities in the genomes, and only three genes were found in the M. restricta genome that were missing in the M. globosa genome sequence (SI Text). M. globosa and M. restricta showed an average 77% amino acid sequence identity among reciprocal best-matched proteins.
The M. globosa genome encodes the basic metabolic components for proficiency in glycolysis, the tricarboxylic acid (TCA) cycle, the glyoxylate cycle, the pentose phosphate shunt, the synthesis of all 20 canonical amino acids, and the synthesis of the five bases typically found in nucleic acids. The notable predicted metabolic deficiency is the apparent absence of a gene encoding fatty acid synthase, a deficiency apparently shared by M. restricta (SI Table 5 ) and a likely reason why these Malassezia species depend on fatty acids for growth. M. globosa and M. restricta do contain one gene that resembles an animal fatty acid synthase, but careful examination revealed a more likely function as a polyketide synthase (SI Text, Section IV). The domain organization is similar to fungal polyketide synthases and animal fatty acid synthases and different from that of fungal fatty acid synthases ( Fig. 1) . A similarity search revealed that 68 of the 100 most-similar proteins are annotated as polyketide synthases (SI Table 6 ). In contrast, a similarity search with a U. maydis putative fatty acid synthase revealed many fatty acid synthases and no polyketide synthases among the 100 most similar proteins. Furthermore, the thioesterase domain in previously reported animal fatty acid synthases is replaced in the M. globosa polypeptide with a thioester reductase domain found in many nonribosomal peptide synthetases and polyketide synthases (16) (SI Table 7 ). In contrast to the situation for the Malassezia species, the available genomes of all other free-living fungi contain fatty acid synthase genes (SI Table 8 ).
The need for Malassezia species to assimilate fatty acids from external sources is also reflected in the presence of multiple genes for secreted lipases and phospholipases ( Table 1 ). The M. globosa genome encodes 14 lipases, 13 of which are predicted to be secreted. Twelve of the secretory lipases can be divided into two families represented by the PFAM categories LIP (PF03583) and Lipase 3 (PF01764); the latter contains the previously described M. globosa enzyme LIP1 (17) . There are also genes for nine phospholipases, including six phospholipase C enzymes that are predicted to be secreted. RT-PCR and proteomics experiments were performed to confirm the expression of the lipase and phospholipase genes because of their relevance to the lipophilic lifestyle. The majority of the genes for the predicted lipases and phospholipases were expressed on human scalp, as demonstrated by RT-PCR ( Fig. 2A ; data not shown). Thus, these genes are expressed when the fungus is at the location where it would be expected to use host lipids.
Of course, the enzymes would need to be extracellular to mediate the release of fatty acids from host sources. We therefore performed proteomics experiments to identify the proteins secreted by M. globosa into the culture medium and/or bound to the cell surface. In a representative experiment (Fig. 2B ), we detected a lipase, two aspartyl proteases, two glucose methanol choline oxidoreductases, two cell wall-modifying enzymes, four proteins related to known Malassezia allergens (1), and several unknown proteins. From this and 11 other experiments in which growth and extraction conditions were varied, we identified Ͼ50 secreted proteins (SI Tables 9 and 10 ). As hypothesized, among these secreted proteins were eight lipases and three phospholipases, thus confirming the extracellular location of these lipiddegrading enzymes. The M. restricta genome also contains multiple genes for each of these six sets of proteins, but the limited sequence coverage prevented quantification of the numbers of genes. Because these proteins are secreted, they would be the most likely to interact with skin and would therefore likely mediate Malassezia pathogenic processes and be relevant therapeutic targets.
We used the available whole-genome sequences for several fungi to perform a phylogenetic analysis with the goal of identifying evolutionary relationships for M. globosa and M. restricta. This analysis revealed that, as reported using ribosomal RNA-encoding DNA region sequences (18) , M. globosa is most closely related to the maize pathogen U. maydis among the fungi with complete genome sequences (15) (Fig. 3A; SI Fig. 4 and SI Table 11 ). This close relationship is striking, given the remarkably different host preferences. A comparison of the reciprocal best-matched proteins encoded by the two genomes revealed they show an average of 52% amino acid sequence identity. Despite this high level of similarity, there is limited conservation of synteny. For example, only 15% of adjacent genes in M. globosa have adjacent orthologs in U. maydis, and Ͻ3% of the genes in M. globosa appear in U. maydis in synteny groups longer than two genes.
The similarities with U. maydis extend to the genes responsible for mating. Ustilago species contain an a locus encoding pheromones and pheromone receptors and a b locus encoding homeodomain transcription factors (19) . M. globosa contains genes resembling those at the a and b loci, and the genes share organizational similarity with the linked mating-type genes of the bipolar heterothallic species Ustilago hordei (20) . That is, the putative pheromone and pheromone receptor genes of M. globosa occur in the same supercontig as the homeodomaincontaining transcription factor genes with similarity to bW and bE of U. hordei (Fig. 3B) . We hypothesize that these genes define a MAT locus of Ϸ170 kb in M. globosa. There was no indication of alternate mating-type loci in the genome of the sequenced strain CBS 7966 of M. globosa, again suggesting that this strain is haploid, and that mating-type switching does not occur. Several fragments of putative mating-related genes were also found in M. restricta: pra1 (MR Econtig0425), bE1 (MREcontig2721), and bW1 (MREcontig3923 and 1863) .
The 170-kb MAT region of M. globosa does not contain the high density of repetitive elements or possess orthologs of the other genes found at the 527-kb MAT locus of U. hordei (20) . Furthermore, a comparison of the 82 genes predicted for the MAT locus of M. globosa with the genes found at the MAT␣ locus of another basidiomycete fungus, Cryptococcus neoformans, revealed that these loci share orthologs of the pheromone receptor gene, as expected, and both contain an ortholog of the CID1 gene thought to play a role in the cell cycle (21) . The significance of the shared possession of this gene at the MAT locus is not clear but may have implications for the evolution of basidiomycete mating type loci. The MAT locus of C. neoformans is remarkable, because it encodes components of the pheromone response pathway (21); this is not the case for the MAT locus of M. globosa.
The presence of candidate genes for mating in the Malassezia genomes is interesting, because mating has never been observed in Malassezia species. The presence of these genes suggests that the fungus may be capable of sexual development and that the characterization of the MAT region in other strains may identify one or more additional mating specificities for use in functional mating tests. We used the genome sequence to investigate the possibility of sexual competency in more detail by searching for orthologs of genes known to function in pheromone signaling, 
Acid sphingomylinase 4(4)
Aspartyl protease 18 (15) 10 (7) 15 (15) 9 (6) 8 (7) Cysteine protease 7(1) 9(0) 9(1) 9 (1) 8 (1) Metalloprotease 31 (3) 35 (7) 42 (3) 44 (5) 38 (5) Serine protease 10 (2) 17 (9) 15 (10) 18 (10) 13 (8) Glycosyl hydrolase 15 (3) 65 (36) 45 (27) 52 (27) 38 ( The number of genes within the indicated haploid genomes that encode a selected set of enzymes are shown to illustrate differences in coding capacity. The entry is highlighted in pink for the species with the largest number of genes for each category. The number of proteins that are predicted to be secreted, on the basis of a predicted signal sequence, using SignalP3.0 (37), are listed in parentheses for each category. The phospholipase C entry refers to the secretory enzyme similar to Pseudomonas aeruginosa phospholipase C and not the more commonly discussed cytoplasmic phosphoinositol-specific phospholipase C. Detailed methods for the construction of the table are described in SI Text. A comparison of M. globosa and C. albicans aspartyl proteases is depicted in SI Table 13 . meiosis and sporulation in other fungi. This analysis revealed that the M. globosa genome encodes candidate orthologs for many of these functions. For example, orthologs were found for components of the Saccharomyces cerevisiae pheromone responsive MAPK module encoded by STE11, STE7, and FUS3, and for the GPA1-and STE4-encoded components of the heterotrimeric G protein complex that couples pheromone receptor signaling with the MAPK module (22) . Overall, this analysis supports the idea that M. globosa is capable of sexual reproduction. The possibility of a sexual cycle in Malassezia yeasts is intriguing, because it may have a profound effect on the distribution of virulence-related genes among populations (23) . Furthermore, the presence of a sexual state may open possibilities for classical genetic experimentation. This situation is reminiscent of the discovery of mating in C. albicans as a consequence of genomic evidence for mating type genes (24) , and it is interesting that C. albicans mating is enhanced on skin (25) .
There are important differences in gene content that may be linked to the adaptation of M. globosa and U. maydis to their specific host environments (Fig. 3C) . Overall, U. maydis contains 2,536 genes with no apparent homologs in M. globosa (at e Ͻ10 Ϫ5 ). The most striking difference is the presence of more carbohydrate-hydrolyzing proteins (glycosyl hydrolases) encoded by U. maydis than by M. globosa (Table 1 ). In particular, xylanase, cellulase, pectin esterase, polygalacturonase, pectin lyase, ␣-galactosidase, and ␣-amylase genes are present in U. maydis but not in M. globosa. M. globosa has only 325 genes that are missing in U. maydis, and most of these genes have unknown functions. The most prominent difference in genes with assignable function is that M. globosa encodes more lipases, aspartyl proteases, phospholipase C enzymes, and acid sphingomyelinases, as described above (Table 1 ). Many of these M. globosa genes are clustered in the genome (Fig. 2C and SI Table 12 ). It is remarkable that clusters of genes for secreted proteins are also found in the U. maydis genome, although these proteins appear to function in plant-specific interactions, such as defense suppression and tumor induction (15) . In general, the different sets of secreted proteins likely reflect the specificity in the host molecules targeted by the fungi.
The abundance of genes for phospholipases, lipases, aspartyl proteases, and acid sphingomyelinases in M. globosa is also seen in C. albicans (26) (Table 1) , a distantly related (SI Fig. 4 ) human pathogenic and commensal fungus that also colonizes skin and mucosal surfaces (27) . In contrast, these specific genes are not prevalent in the genome of the fermentative yeast S. cerevisiae (Table 1 ). The C. albicans genes encoding aspartyl proteases and phospholipase B are implicated in virulence in animal models (27, 28) . The prevalence of similar gene families in two fungal species, M. globosa and C. albicans, that are opportunists on human skin may point to similar roles in colonization and virulence, although C. albicans does not provoke the specific skin disorders associated with Malassezia species.
Lipases, phospholipases, and allergens have been proposed to be important in Malassezia virulence, although definitive genetic tests have not been made, because gene disruption has not yet been demonstrated in Malassezia species. The presence of phospholipase activity correlates with the virulence of Malassezia pachydermatis in dogs (29) . There is a model linking Malassezia lipase activity to the pathogenesis of dandruff and seborrheic dermatitis (17) . Malassezia antigens may play a role in atopic eczema (1) , and the M. globosa genome encodes proteins similar to 12 of 13 Malassezia sympodialis and Malassezia furfur proteins identified as reacting with IgE from atopic eczema patients (10), extending previous observations based on PCR analysis for a SI Table 12. subset of these allergen genes (30) . Our discoveries of multicopy genes, in vitro protein production and secretion, and (in some cases) gene expression on the scalp provide support for the importance of several M. globosa gene families. These include the gene families whose importance has already been suggested, such as lipase, phospholipase C, and allergens, but also newly discovered families, such as aspartyl protease, glucose methanol choline oxidoreductase, and acid sphingomyelinase. These discoveries should facilitate the testing of the role of these protein families in skin diseases such as dandruff and seborrheic dermatitis.
Our report of Malassezia genome sequences is part of a growing understanding of the adaptations of human fungal pathogens. Because Cryptococcus and Malassezia are the only two basidiomycete fungi to infect humans commonly, there is interest in further comparison of their virulence traits. Of additional interest is the study of adaptation to animal skin that has apparently emerged independently in three lineages: the basidiomycete Malassezia spp. (Ustilaginomycotina), the ascomycete C. albicans (Saccharomycotina), and the true dermatophyte ascomycetes such as Trichophyton and Microsporum spp. (Pezizomycotina).
Summary
Overall, our genomic comparisons provide insights into the mechanisms by which fungi adapt to the mammalian skin environment. The phylogenetic position of Malassezia indicates they are closely related to plant pathogens, implying an ancestral shift from plant to animal host preference. This report describes the features of the M. globosa genome and some characteristics that may have facilitated this proposed host shift. The M. globosa genome is among the smallest of genomes of free-living fungi (SI Tables 2-4 and 14) . One key insight is the apparent absence of a fatty acid synthase gene and compensation by the abundance of genes encoding hydrolases that could provide fatty acids. An additional feature of this adaptation to human skin is the presence of a set of secreted hydrolases similar to the set produced by the distantly related human pathogen C. albicans. Moreover, the secreted hydrolases are quite different between M. globosa and the phylogenetically related plant pathogen U. maydis.
Because Malassezia-associated skin diseases are relatively accessible for study, these diseases could become models to study the interaction of host and pathogen. With this report of the genome sequence of M. globosa and partial genome sequence of Table 11 ). This tree depicts a small number of fungi; a more inclusive tree is shown (SI Fig. 4 M. restricta, coupled with the human genome sequence, this interaction can be studied at the molecular level, an approach formerly impossible because of the shortage of sequence information for Malassezia spp. EST Sequencing, Genome Sequencing, and Annotation. An EST library was created from RNA isolated from M. globosa cells grown in mDixon medium (17) . M. globosa DNA was sequenced by using a whole-genome shotgun approach (7ϫ), and 2,000 finishing reactions were performed to fill gaps and fix low-quality regions. The genome was assembled by using Phrap. Gene models were constructed by combining sequencing information from 1,536 EST sequences and in silico predictions from TWIN-SCAN (31), GeneID (32) , and GeneWise (33) (SI Text). Putative gene function assignments were obtained through homology searches against the National Center for Biotechnology Information nr, PFAM (34) , and TIGRFAM (35) databases. M. restricta DNA was sequenced to 1ϫ coverage and assembled by using Phrap. Gene models were constructed by aligning predicted M. globosa proteins and proteins from the nr database to the M. restricta genome by using EXONERATE (36) . More details are provided in SI Text.
Prediction of Secreted Proteins. SignalP 3.0 (37) was used to predict N-terminal secretion signals. The intersection (347 genes) between the hidden Markov and neural network prediction was used to indicate candidates for secreted proteins.
Isolation of Cell Surface-Associated Proteins. Cells grown in mDixon media (17) were pelleted by centrifugation at 4,000 ϫ g and washed three times with TE buffer [50 mM Tris⅐HCl (pH 8.0)/5 mM EDTA containing protease inhibitors (Roche, Indianapolis, IN)]. The cell pellet was resuspended in TE buffer, and cells were washed further by pelleting through a cushion of 20% sucrose at 10,000 ϫ g. The washed cell pellets were resuspended in a buffer containing 100 mM EDTA, 300 mM 2-mercaptoethanol (one part cells to two parts buffer) and then gently mixed for 1 h at room temperature. Cells were removed by centrifugation, and the extracted proteins in the supernatant were dialyzed [SnakeSkin dialysis tubing with 7000 molecular weight cutoff (Pierce, Rockford, IL)] for 24 h at 4°C against 0.1% acetic acid, lyophilized, and solubilized in isoelectric focusing sample buffer. Proteins were focused by using pH 4-7 strips (GE Healthcare, Piscataway, NJ) and separated on 10 -20% gradient gels (Invitrogen, Carlsbad, CA). Details of the 2D gel electrophoresis procedure and the identification of proteins by mass spectrometry have been described (17) . The amino acid sequences were used to identify the corresponding genes.
